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Abstract:   
La0.7Sr0.3MnO3 (LSMO) films with extraordinarily wide atomic terraces are epitaxially 
grown on SrTiO3 (100) substrates by pulsed laser deposition. Atomic force microscopy 
measurements on the LSMO films show that the atomic step is ~ 4 Å and the atomic terrace 
width is more than 2 µm. For a 20 monolayers (MLs) LSMO film, the magnetization is 
determined to be 255 ± 15 emu/cm3 at room temperature, corresponding to 1.70 ± 0.11 µB per 
Mn atom. As the thickness of LSMO increases from 8 MLs to 20 MLs, the critical thickness for 
the temperature dependent insulator-to-metal behavior transition is shown to be 9 MLs. 
Furthermore, post-annealing in oxygen environment improves the electron transport and 
magnetic properties of the LSMO films.  
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La0.7Sr0.3MnO3 (LSMO) is a very attractive material for spintronics due to the experimental 
observation of the half-metallic ferromagnetism [1] and the relatively high Curie temperature 
(TC~ 369 K) compared with common oxide-based magnetic materials [2]. For example, LSMO 
has been widely used for efficient spin injection in organic spin valves [3-8] and giant tunneling 
magnetoresitance in magnetic tunnel junctions [9,10]. Regarding the synthesis of thin LSMO 
films, pulsed laser deposition (PLD) has been found to be a promising method to achieve high 
quality films with atomic scale variations [11-14]. Common to strongly correlated oxide 
materials, the intriguing magnetic and electron transport properties of LSMO are intimately 
related to the spin-lattice-charge couplings, which are sensitive to strain, growth condition, and 
the thickness of the films [14,15]. For example, the magnetic anisotropy of LSMO has been 
shown to be in-plane when it is grown on SrTiO3 (STO) substrates but out-of plane on LaAlO3 
(LAO) substrates [16,17]. Strain effect has also been found to play a critical role in the electron 
transport properties via growing LSMO on various perovskites, including STO, LAO, DyScO3, 
and NdGaO3 [18,19]. Furthermore, the magnetic and electron transport properties of the LSMO 
films are also shown to be highly dependent on the growth condition such as the oxygen pressure 
[11,12]. As single terraces of ferromagnetic films with desired spin structures have the potential 
to create future spintronics devices, the atomic level control of the magnetic oxide thin films with 
wide atomic terraces is emergent. However, in previous reports, the terraces of these LSMO 
films are only several hundred nanometers wide [12,15] and the study of epitaxial LSMO films 
with micrometer wide atomic terraces has been lacking.  
In this letter, we report the growth of LSMO films with extraordinarily wide atomic terraces 
of more than 2 µm on STO (100) via PLD and the characterization of the magnetic and electron 
transport properties. In-situ reflected high energy electron diffraction (RHEED) and ex-situ x-ray 
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diffraction (XRD) indicate the epitaxial growth of the crystalline LSMO films. The saturated 
magnetization for a 20 monolayers (MLs) film is determined to be 255 ± 15 emu/cm3 at room 
temperature, corresponding to 1.70 ± 0.11 µB per Mn atom. The temperature dependence of the 
sheet resistance for 8 - 20 MLs LSMO films indicates a critical thickness of 9 MLs for the 
insulator-to-metal transition. We further demonstrate the ability to improve the electron transport 
and magnetic properties of LSMO films via post-annealing in oxygen environment. The ability 
to control the ultrathin film growth with atomic level precision is very important for the research 
fields of current interest, such as oxide spintronics and organic spintronics, and could lead to 
future spintronics devices made from single terraces of ferromagnetic or antiferromagnetic films 
with desired spin structures.  
The LSMO films are grown using a KrF laser with the wavelength of 248 nm and the energy 
between 200 and 220 mJ. The repetition rate of the laser is 5 Hz with a pulse duration of 30 ns. 
Prior to the LSMO growth, the commercial STO (100) substrates, are annealed in-situ at 700 °C 
in 0.03 mbar oxygen environment for ~30 min to form ultra-flat surface with atomic terraces. 
Figures 1a and 1b show the RHEED pattern and atomic force microscopy (AFM) image of a 
typical STO substrate after this annealing process. Then, the LSMO target is cleaned by the laser 
with 1000 - 2000 pulses right before opening the shutter. During the growth, the substrate 
temperature is kept at 700 °C; the partial pressure of the oxygen is 0.03 mbar; and the distance 
between the LSMO target and the STO substrates is 55 mm. The RHEED intensity in the red 
square (shown in figure 1a) is monitored and the oscillations of RHEED intensity demonstrate 
the layer by layer growth mode of the LSMO. One representative RHEED intensity oscillation 
curve for the growth of a 10 MLs LSMO film is shown in figure 1c. At ~35 seconds, the shutter 
is open and the LSMO is deposited on top of the STO substrate. At ~163 seconds, the RHEED 
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intensity shows a minimum value, which indicates the growth of an half ML LSMO film. Then 
the RHEED intensity starts to increase and reaches a maximum value at ~249 seconds and this 
indicates the growth of a full ML film. At ~1820 seconds, the shutter is closed and the 
measurement of the RHEED intensity is stopped. The total 10 peaks of the RHEED intensity 
oscillation curve indicate the growth of exact 10 MLs LSMO film on the top of the STO 
substrate. After the growth, the RHEED pattern of the 10 MLs LSMO film at 700 °C is shown in 
figure 1d. The RHEED pattern is very sharp and streaky, indicating the crystalline structure of 
the epitaxially grown LSMO film. Then, the substrate temperature is decreased down to 300 °C 
with a rate of 5 °C/min in the PLD chamber with the oxygen partial pressure of 0.03 mbar, which 
is the same as that during the growth. When the temperature reaches 300 °C, the substrate heater 
is turned off to cool down the samples naturally. As the temperature is lower than 70 °C, the 
oxygen is pumped out from the PLD chamber and the LSMO samples are transferred out of the 
chamber for further ex-situ characterization. 
The surface morphology of epitaxially grown LSMO films is characterized by a Bruker AFM 
system. The films are found to exhibit very wide terraces from ~2 to ~10 µm. Figure 1e shows an 
AFM image measured on a typical 10 MLs LSMO film. One line cut across the terraces in this 
AFM image is plotted in figure 1f. The step height is ~4 Å, which is equal to the height of one 
ML LSMO film in (100) direction. The terraces are ~3 µm wide, which are extraordinarily wide 
compared to several hundred nm in previous reports [12,15]. We believe that such 
extraordinarily wide terraces in LSMO can be attributed to the wide terraces of the annealed 
STO substrates prior to the LSMO growth (figure 1b). To further confirm it, two STO substrates 
are loaded into the PLD chamber and they undergo the identical annealing process. Then one 
STO substrate is taken out and the surface morphology is measured by AFM. For the second 
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STO substrate, we grow 10 MLs LSMO film on top of the STO substrate and then the film is 
measured by AFM. Based the AFM results measured on multiple spots across the sample 
surface, the terrace width of both the STO substrate and the LSMO film ranges from ~3 to ~10 
µm, supporting that the LSMO films are epitaxially grown on terraced STO substrates and the 
wide terraces of the LSMO films originate from the wide terraces formed on the surface of STO 
substrates after annealing in the PLD chamber.  
The crystalline structure and the magnetic properties of these LSMO films with 
extraordinarily wide terraces are characterized using a high resolution Bruker Discovery D8 
system and a Lakeshore 7400 vibrating sample magnetometer respectively. Figure 2a shows the 
XRD data of the θ-2θ scans on the 10, 16, and 20 MLs films. The peak at ~46.5 degrees 
corresponds to the STO (200). For 10 MLs LSMO films (black curves), the intensity of the 
LSMO signal is rather weak. As the thickness increases, the intensity of the LSMO (200) feature 
also increases. These results further prove the crystalline nature of LSMO films. The magnetic 
properties of the LSMO films are characterized by a vibrating sample magnetometer at room 
temperature. Figure 2b shows the magnetization vs. in plane magnetic field for a 20 MLs LSMO 
sample. The room temperature saturated magnetization (MS) is calculated to be 255 ± 15 
emu/cm
3
, corresponding to 1.70 ± 0.11 µB per Mn atom. This MS value is similar to that of a 28 
nm LSMO sample (~70 MLs) obtained at room temperature reported previously [11].   
The electron transport properties of these epitaxial grown LSMO films are measured in a 
closed-cycle refrigerator system with the temperature ranging from 300 to ~16 K and/or a 
Quantum Design physical property measurement system (PPMS) with the temperature ranging 
from 350 to 10 K. The sheet resistance is characterized by the standard van der Pauw method 
with four copper wires connected to the corners of the LSMO films with Ag paint for electrical 
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connection, which is shown in the inset of figure 3b. The resistivity (ρ) is calculated based on the 
resistances obtained for four deferent geometries using the following formula: 
12,43 23,14 34,21 41,32
( )
ln 2 4
R R R Rd

  
          (1) 
in which d is the thickness of the LSMO films, R12,43, R23,14, R34,21 and R41,32, are the resistance 
values obtained using the geometry by passing current between contacts 1 and 2, 2 and 3, 3 and 
4, 4 and 1, and measuring the voltage between contacts 4 and 3, 1 and 4, 2 and 1, 3 and 2, 
respectively.” 12,43R  is measured using the geometry in the inset of figure 3b. The DC current (I) 
across the films is +1 µA and -1 µA, provided by a Keithley 6221 AC/DC current source, and the 
voltage is determined by averaging between the two voltage values measured when I = +1 µA 
and I = -1 µA via a Keithley 2182 nanovoltmeter. We study the electron transport properties for 
different thicknesses of the LSMO films (8 - 20 MLs), which are all determined by the RHEED 
intensity oscillations. Figure 3a shows three typical curves of the RHEED intensity oscillations 
for 8, 11, and 20 MLs LSMO films. The resistivity in zero magnetic field vs. temperature is 
shown in figure 3b. For the 8 MLs LSMO film, the resistivity increases as the temperature 
decreases below 150 K, which is a semiconducting behavior. For the 9 to 20 MLs films, the 
resistivity decreases as the temperature decreases, which is a metallic behavior. For 20 MLs 
films, the TP is ~ 342 K, which is close to Curie temperature for bulk LSMO (~369 K), 
indicating the high quality of the LMSO films. These results show that the critical thickness for 
insulator-to-metal transition is 9 MLs, which is significantly smaller than ~80 Å (~ 20 MLs) 
reported previously [20] and indicates the high quality of the epitaxially grown LSMO films in 
our study. It is also noticed that there is a resistance peak at ~ 200 K for 8 MLs LSMO film, 
which has been shown to be related to the ferromagnetic to paramagnetic transition [14,20,21]. 
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As the thickness increases, this resistivity peak temperature (Tp) increases, which indicates a 
higher TC for thicker LSMO films.  
Finally, we further improve the properties of the LSMO films by post-annealing in oxygen 
environment with oxygen partial pressure from 3 to 500 mbar. Upon the film growth in 0.03 
mbar as discussed above, we increase the oxygen pressure up to 3 - 500 mbar before cooling 
down the samples. We expect this post-annealing with much higher oxygen pressure to remove 
oxygen vacancies which will result in even better film quality. The electron transport properties 
of the 10 MLs films annealed in 0.03, 3, 50, 200 and 500 mbar are shown in figure 4a, 
respectively. Indeed, the post-annealing in higher pressure oxygen environment makes the 
LSMO films more metallic and the Tp higher. The Tp vs. oxygen pressure is summarized in figure 
4b. As the oxygen pressure increases from 0.03 to 50 mbar, the Tp increases from ~270 K up to 
~310 K. Then the Tp saturates at ~310 K with the oxygen pressure increasing further up to 500 
mbar, which can be attributed to the fact that very few oxygen vacancies exist in the LSMO films 
after post-annealing [14].  
In summary, ultrathin LSMO films with extraordinarily wide terraces are grown on STO 
(100) using PLD. The critical thickness for the temperature dependent insulator-to-metal 
behavior transition of grown LSMO films is shown to be 9 MLs. Furthermore, it is demonstrated 
that the electron transport and magnetic properties of the LSMO films could be further improved 
via post-annealing and room temperature metallicity is observed for 10 MLs films. These results 
are very important for oxide spintronics and organic spintronics, which are two research fields of 
current interest. For example, one can fabricate the organic spin valve, or magnetic tunnel 
junction on a single terrace of the LSMO films without any atomic steps. Previous works on 
LSMO based organic spin valve and magnetic tunnel junctions all include multiple atomic steps, 
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which could play an important role for spin current injection. If we remove the atomic steps and 
use only one single terrace, the effect of these atomic steps on the magnetoresistance will be 
resolved. Besides, our results could lead to future spintronics devices made from single terraces 
of ferromagnetic or antiferromagnetic films with desired spin structures. These wide terraces 
provide an opportunity of integrating an atomic 2D material, such as graphene with the single 
terrace of ferromagnetic and/or antiferromagnetic materials without any atomic steps. Recently, 
the proximity effect between graphene and magnetic films has attracted a lot interest for the 
search of quantum anomalous Hall effect in graphene based structures. It has been reported that 
graphene could be magnetic when it is put on YIG, a ferromagnetic insulator [22]. However, 
there were terraces of several hundred nm for the YIG. As a result of which, graphene cannot be 
put flatly on top of the YIG that might limit the properties of the magnetic graphene. Our 
achievement of very wide terraces could provide an ideal platform to study the proximity effect 
and quantum anomalous Hall effect between graphene and the LSMO films. Furthermore, it is 
known that the atomic level control of material growth can lead to physical phenomena and a 
better understanding of the phenomena in the material. Another intriguing point is that our work 
demonstrated the possibility of very wide terraces, which will motivate a lot of materials 
scientists to study and improve various ferromagnetic and antiferromagnetic materials so that 
these materials could have wide terraces, which could lead to interesting properties.       
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FIGURE CAPTIONS: 
Figure 1: In-situ RHEED characterization and ex-situ AFM measurement of the STO (100) 
substrates and the LSMO thin films. (a) The RHEED pattern of STO at 700 °C prior to the 
LSMO growth. (b) AFM images of a typical STO substrate after high temperature annealing in 
the PLD chamber (c) A representative RHEED intensity oscillation curve for the growth of a 10 
MLs LSMO film. (d) The RHEED pattern of a 10 MLs LSMO thin film at 700 °C.  (e) AFM 
images of a typical 10 MLs LSMO film.  (f) An AFM line cut across the terraces in the figure 
(e).  
Figure 2: The structure and magnetic properties of the LSMO films epitaxially grown on STO 
substrates. (a) θ-2θ scans of the 10, 16 and 20 MLs LSMO films measured by XRD. (b) 
Magnetization measurement on a 20 MLs LSMO film performed at room temperature with the 
in-plane magnetic field from -5000 Oe to +5000 Oe using a vibrating sample magnetometer.  
Figure 3: Electron transport properties of the LSMO films from 8 to 20 MLs.  (a) The RHEED 
intensity oscillation curves for 8, 11 and 20 MLs LSMO films respectively. (b) The resistivity vs. 
temperature for LSMO films from 8 to 20 MLs. The inset shows the van der Pauw measurement 
geometry with current following from contact 1 to contact 2 and voltage measured between 
contacts 4 and 3. 
Figure 4: Improvement of the electron transport properties by post-annealing. (a) The resistivity 
vs. temperature for LSMO films after post-annealing with oxygen pressure from 0.03 to 500 
mbar. (b) TP as a function of the oxygen partial pressure during the post-annealing process. 
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